La-Related Protein 1 (LARP1) is an RNA-binding protein that regulates the stability and translation of mRNAs encoding the translation machinery, including ribosomal proteins and translation factors. These mRNAs are characterized by a 5ʹ-terminal oligopyrimidine (TOP) motif that coordinates their temporal and stoichiometric expression. While LARP1 represses TOP mRNA translation via the C-terminal DM15 region, the role of the N-terminal La-Module in the recognition and translational regulation of TOP mRNAs remains elusive. Herein we show that the LARP1 La-Module also binds TOP motifs, although in a cap-independent manner. We also demonstrate that it recognizes poly(A) RNA. Further, our data reveal that the LARP1 La-Module can simultaneously engage TOP motifs and poly(A) RNA. These results evoke an intriguing molecular mechanism whereby LARP1 could regulate translation and stabilization of TOP transcripts.
Introduction
La-related Proteins (LARPs) are a diverse family of RNA-binding proteins that are conserved throughout eukaryotic evolution and function in nearly all stages of RNA metabolism [1] [2] [3] . Each LARP subfamily has evolved to recognize and regulate the metabolism of particular RNAs. The target RNAs of these subfamilies range from non-coding RNAs to messenger and viral RNAs.
LARPs are characterized by an N-terminal La-Motif (LAM) and are classified into subfamilies based on sequence conservation of the LAM: LARP1, LARP2, Genuine La (LARP3), LARP4, LARP5, LARP6, and LARP7 [1] . The LAM adopts a winged helixturn-helix fold [4] and is followed by an RNA recognition motif (RRM). The RRM has a canonical βαββαβ structure or an RRMlike (RRM L ) fold, predicted to fold similarly to an RRM, but lacking the consensus RNP motifs [1, 5, 6] . Together, the LAM and RRM comprise the 'La-Module.' In addition to the La-Module, most LARPs have a C-terminal RNA-binding domain that enhances RNA recognition and biological function [1] [2] [3] .
Phylogenetic analyses reveal that the LAM and RRM coevolved in LARPs, suggesting the importance of the entirety of the La-Module in RNA recognition [1] . Consistent with this, initial structural and biochemical studies in Genuine La and LARP7 show that the canonical RNA-binding surfaces of the LAM and RRM do not engage RNA [3, [7] [8] [9] . Instead, the LAM and RRM function synergistically; RNAs make intimate contacts with a conserved patch of hydrophobic residues in the LAM, and are supported by contacts with the edge of the RRM β2 strand [7] [8] [9] . Similarly, in LARP6 the LAM and RRM synergistically bind RNA, but also require participation of the interdomain linker [10] . However, in LARP4 the La-Module plays a minor role in RNA recognition [11] . Instead, intrinsically disordered regions N-terminal to the La-Module drive RNA-binding [11] . Thus, while the main RNA-binding unit is conserved, additional unstructured features and conformational plasticity within the La-Module coordinate RNA recognition.
Although all LARPs share a La-Module, sequence and structural variations give rise to distinct RNA binding specificities and roles in RNA metabolism [1, 3, 12] . In Genuine La, the prototypical LARP, the La-Module binds the UUU OH 3ʹ termini of premature tRNAs to promote their folding and maturation [7, 8, 13] . The LARP7 La-Module also recognizes UUU OH , however it binds the 3ʹ terminus of 7SK non-coding RNA to facilitate transcription regulation [9, 14] . The LARP6 La-Module evolved to engage a stem-loop within the 5ʹUTR of collagen mRNAs to increase their translation [15, 16] . The La-Modules of LARP4 and LARP5, the most closely related to LARP1, bind poly(A) and AU-rich regions of mRNAs, respectively, and also stimulate mRNA stability and translation [11, [17] [18] [19] . Thus, despite seemingly convergent features, La-Modules display adaptable and specified RNA target selection. LARP1 regulates the stability and translation of mRNAs that encode components of the translation machinery, such as ribosomal proteins and translation factors [20] [21] [22] [23] [24] [25] [26] . These transcripts, known as TOP mRNAs, are characterized by a terminal oligopyrimidine (TOP) motif in the 5ʹUTR, immediately after the 5ʹcap [27] . The TOP motif, comprised of 4-14 pyrimidines followed by a GC-rich region [27] , allows for the coordinated translation of TOP mRNAs downstream of mTORC1 [28] . Under conditions of mTORC1 inhibition, the LARP1 C-terminal DM15 region binds the 5ʹ cap and TOP motif [23, 25] . This obstructs the formation of the translation initiation complex and thereby represses TOP mRNA translation during metabolically unfavourable conditions [23, 25] .
However, thus far, the role of the LARP1 La-Module in recognizing TOP mRNAs and regulating their translation is unknown. A few lines of evidence led us to hypothesize that the La-Module binds the poly(A) tails of TOP mRNAs. First, LARP1 associates with Poly(A)-Binding Protein (PABP) via a putative PABP-interacting motif 2 (PAM2) located between the LAM and RRM [21, 24] . Second, LARP1 co-sediments with PABP through polysome gradients with TOP mRNAs [21, 24, 29] . Finally, LARP1 from human cell extracts immunoprecipitates with poly(A) RNA, but not with poly (U), poly(C), or poly(G) [26] .
Here we show that the LARP1 La-Module directly engages poly(A) RNA. Unexpectedly, we find that the La-Module also binds some TOP motifs, in a cap-independent manner, with similar affinity to poly(A) RNA. We also present evidence that the LARP1 La-Module can simultaneously bind poly(A) and the TOP motif RNA. Integration of these data with the established roles of the DM15 region allow us to assemble a model for the role of LARP1 in TOP mRNA recognition that reconciles many of the observations of LARP1 published hitherto. We establish a direct role for LARP1 at both the 5ʹ and 3ʹ ends of TOP mRNAs, with the La-Module recognizing distinguishing features at either end of TOP transcripts.
Results

LARP1 La-Module binds poly(A) RNA
To identify the RNA targets of the LARP1 La-Module we analysed in vitro binding assays by native gel electrophoresis. Because LARP1 associates with poly(A) RNA [26] , and also with PABP via a PAM2 located within the La-Module [21, 24] , we hypothesized that the La-Module recognizes the poly(A) tails of TOP mRNAs. To test this, we determined the relative affinity of purified recombinant human LARP1 La-Module for homopolymeric RNA sequences using electrophoretic mobility shift assays (EMSAs) (Figure 1 , Supp. Fig. 1 ). EMSAs conducted with a 25-nucleotide poly(A) RNA in the presence of non-specific competitors demonstrated that the La-Module directly binds this sequence with an apparent K d of 40 ± 1 nM ( Figure 1A,B ). The shifted poly(A) oligonucleotide largely remained in the well, possibly due to the formation of multimeric protein-RNA complexes ( Figure 1A) ; as the recombinant protein was observed to be folded (Supp. Fig.  2A ), and isothermal titration calorimetry (ITC) experiments confirmed the specific binding of the La-Module to poly(A) RNA (Supp. Fig. 2B ), non-specific aggregation in the well is unlikely. Further, substitution of tRNA or salmon sperm DNA for poly(dI-dC) as a non-specific competitor allowed the La-Module-poly(A) complex to enter the gel (Supp. Fig. 1 ). We also determined the affinities of the La-Module for each of the other homopolymeric oligonucleotides. Importantly, the LARP1 La-Module bound poly(U) RNA, the cognate binding target of Genuine La and LARP7, with poor affinity ( Figure 1C) . Similarly, the La-Module had low affinity for poly(G) RNA, and did not bind poly(C) RNA ( Figure 1D ,E); ITC experiments confirmed that the La-Module does not recognize poly(C) RNA (Supp. Fig. 2B ).
Because the chemical moiety at the 3ʹ end of the RNA is required for binding by Genuine La and LARP7 [7] [8] [9] , we then tested the binding of the LARP1 La-Module with a poly-(A) 25-mer modified with a 3ʹPO 4 group. While it did not abolish binding, assays conducted with this modified poly(A) RNA showed a two-fold decrease in apparent affinity of 85 ± 5 nM ( Figure 1F ), suggesting a small role for the role of the 3ʹ chemical moiety in LARP1 La-Module recognition.
LARP1 La-Module binds various TOP motifs
Given that the La-Module binds poly(A) RNA, we predicted that it would not bind the 5ʹUTRs of TOP transcripts. Surprisingly, the LARP1 La-Module shifted an oligonucleotide representing the complete 42-nucleotide 5ʹUTR of RPS6 mRNA (Figure 2A ). Furthermore, deletion of the first 10 nucleotides corresponding to the TOP motif abrogated binding ( Figure 2B ). To validate the interaction between the La-Module and RPS6 TOP motif, we tested a 20-mer RNA representing the first 20 nucleotides of the RPS6 5ʹUTR (RPS6 20-mer), containing the 10-nucleotide pyrimidine tract followed by the GC-rich region. The La-Module bound the RPS6 20-mer with an apparent affinity of 31 ± 3 nM, comparable to the 40 ± 1 nM affinity observed for poly(A) RNA ( Figure 2C ,E). Interestingly, unlike the DM15 region [25] , the affinity of the La-Module for the RPS6 20-mer did not increase upon capping of the oligonucleotide, showing an apparent affinity of 32.8 ± 5 nM ( Figure 2D ,E). The La-Module also shifts an oligonucleotide representing the RPL13A 5ʹUTR, and accordingly, deletion of the TOP motif pyrimidine tract also abrogates binding ( Figure 2F ,G). The La-Module did not bind oligonucleotides corresponding to the 5ʹUTR of RPS18 and PABPC1 mRNA (Supp. Fig. 3A, B ), suggesting that, like the DM15 region [30] , the La-Module does not bind all TOP sequences. We next tested whether the LARP1 La-Module recognizes TOP mRNA 3ʹUTRs; it did not shift an oligonucleotide representing the 3ʹUTR of RPS6 mRNA (Supp. Fig. 3C ).
LARP1 La-Module simultaneously engages poly(A) RNA and the RPS6 TOP motif
Because the LARP1 La-Module bound the poly(A) and RPS6 20-mer RNAs with similar affinities, we utilized competition assays to delineate specificity ( Figure 3 ). We first pre-bound the La-Module to radiolabeled RPS6 20-mer and competed with a titration of cold RPS6 20-mer or poly(A) RNA. Cold RPS6 20-mer at 50 nM was sufficient to displace the pre-bound RPS6 20-mer, whereas cold poly(A) RNA did not compete for the radiolabeled RNA even at 10 μM ( Figure  3A ,B). We next pre-bound the La-Module to poly(A) RNA and competed with a titration of cold poly(A) or RPS6 20-mer RNA. Cold poly(A) RNA weakly displaced pre-bound poly(A) RNA, only achieving maximal displacement at 10 μM ( Figure  3C ). However, when pre-bound poly(A) RNA was competed with cold RPS6 20-mer, beginning at 5 nM cold competitor, a complex formed that migrated further into the gel, between the shifted and free poly(A) RNA ( Figure 3D ; intermediate complex). Similarly, an intermediate complex formed when pre-bound poly(A) RNA was competed with cold RPL13A 5ʹUTR ( Figure 3E ).
These results led us to ask: in the absence of tRNA, why does the La-Module-poly(A) RNA complex get stuck in the well, but moves into the gel in the presence of cold RPS6 20mer competitor? The simplest explanation is that the register of binding to poly(A) RNA is undefined because of its homopolymeric nature, thereby allowing for the assembly of multimeric complexes. We hypothesized that addition of a non-adenylate competitor could sequester molecules of La-Module away from the multimeric complex, thus allowing bound poly(A) RNA to enter the gel. To test this, we performed the competition assay with cold poly(C) RNA. However, the bound poly(A) remained within the well such that the intermediate complex was not recapitulated ( Figure 4A) .
Given that the competitions were analysed by native gel, we hypothesized that the intermediate complex has increased negative charge, and therefore migrated faster towards the positive electrode. This could occur if the La-Module simultaneously binds radiolabeled poly(A) and unlabelled RPS6 20mer RNA. Alternatively, the intermediate complex could be an artefact of uridines within the RPS6 20-mer base pairing with the poly(A) RNA. To exclude this possibility, we competed La-Module pre-bound to poly(A) RNA with cold poly(G) RNA ( Figure 4B ); if the intermediate complex is an artefact of RNA duplex formation, we would not expect to reproduce the intermediate complex. However, we observed the formation of an intermediate complex that migrated between the shifted and free poly(A) RNA ( Figure 4B ). Additionally, we competed the La-Module-poly(A) RNA complex with cold RPS6 20-mer and RPL13A 5ʹUTR with TOP motif deletions. Using the TOP motif deletion RNA also did not reproduce the intermediate complex ( Figure 4C ,D). To further validate these results, we performed the competitions in the presence of tRNA as a nonspecific competitor. La-Module pre-bound to RPS6 20-mer RNA was not competed by the addition of cold poly(A) RNA (Supp. Fig. 3B ). However, once again, when we pre-bound the La-Module to poly(A) RNA and competed with cold RPS6 20mer, a distinct RNP complex formed (Supp. Fig. 3A ). Thus, we hypothesized that the intermediate complex might be a ternary complex of the La-Module, RPS6 20-mer, and poly(A) RNA.
To test this hypothesis, we conducted biotin pull-down assays. We pulled down the LARP1 La-Module using either biotinylated poly(A) or RPS6 20-mer RNA, prior to introducing radiolabeled RPS6 20-mer or poly(A) RNA ( Figure 5 ). Enrichment of radiolabeled signal relative to the controls would suggest a ternary complex of the biotinylated bait, La-Module, and radiolabeled RNA. Using biotinylated poly(A) RNA as bait, we observed enrichment of the radiolabeled RPS6 20-mer relative to controls when either bait or La-Module was omitted ( Figure 5A,B) . Similarly, biotinylated RPS6 20-mer bait enriched radiolabeled poly(A) RNA relative to the controls (Figure 5A,B) . Thus, both biotinylated bait RNA and La-Module were required to capture the radiolabeled RNA.
Discussion
In this paper we identify the RNA binding partners of the LARP1 La-Module to elucidate its contribution to TOP mRNA recognition. We found that the LARP1 La-Module binds poly(A) RNA (Figure 1, Supp. Fig. 1) . Surprisingly, the LARP1 La-Module also binds the 5ʹUTRs of some TOP mRNAs ( Figure 2 ). Deletion of the TOP motif abrogated La-Module binding to TOP mRNA 5ʹUTRs, suggesting that the La-Module requires the polypyrimidine portion of TOP sequences (Figure 2) . Indeed, the La-Module binds the RPS6 TOP motif with comparable affinity to poly(A) RNA, and does so in a cap-independent manner (Figure 1, 2) . The affinity of the LARP1 La-Module for poly(A) RNA may indicate a role at poly(A) tails. This is consistent with the association of LARP1 with PABP and poly(A) RNA [21, 24, 26] . The PAM2 located within the interdomain linker between the LAM and RRM could bind PABP [24] , while the LAM and RRM bind poly(A) tails of TOP transcripts or other mRNAs.
The coordinated translation of TOP mRNAs is mediated by a characteristic 5ʹTOP motif followed by a GC-rich region within the 5ʹUTRs of these transcripts [27] . Our data also implicate the LARP1 La-Module at the 5ʹUTRs of TOP mRNAs via recognition of the TOP motif region. The La-Module binds the 5ʹUTRs of RPS6 and RPL13A mRNAs, but not those of RPS18 or PABPC1 (Figure 2 , Supp. Fig. 3 ). These data are consistent with differential levels of TOP mRNA repression by LARP1 [24] , and the specificity of the DM15 region for only certain TOP mRNAs [30] . While the DM15 region binds the 5ʹ cap and first four nucleotides of TOP mRNAs [25] , the La-Module binds in a cap-independent manner (Figure 2 ), suggesting that the La-Module recognizes sequences downstream of the DM15 binding site. Consistent with this, the La-Module binds the RPS6 20-mer, but not an RPS6 15-mer that shortens the GC-rich region (data not shown), suggesting a contribution of that sequence to La-Module binding; in addition, although it is weak, the La-Module binds to poly(G) RNA in the presence of non-specific competitor ( Figure 1D ). These observations are consistent with data showing that, at least in some eukaryotic cell lines, both the 5ʹTOP motif and the GC-rich region immediately downstream are necessary for TOP mRNA translation regulation [27, 31] , and the mapping of LARP1 footprints to 3ʹ ends of TOP 5ʹUTRs [32] . Binding of the La-Module to TOP motifs may enhance TOP mRNA recognition by LARP1. As the C-terminal DM15 region binds the 5ʹ cap and TOP motif to repress TOP mRNA translation [23, 25] , the N-terminal La-Module might bind cooperatively to the TOP motif to strengthen the interaction and promote stringent specificity for recognizing select TOP mRNAs.
More notably, the LARP1 La-Module can simultaneously bind both poly(A) and TOP motif RNA. We observed the formation of an intermediate complex upon competition of La-Module-poly(A) complex with TOP motif RNA (Figure 3 ). Biotin pull-down experiments indicated that this intermediate complex corresponds to the LARP1 La-Module simultaneously engaging both poly(A) RNA and TOP motif RNA ( Figure 5) .
The unprecedented ability of the LARP1 La-Module to bind two distinct RNAs at the same time not only expands the known binding repertoire of LARPs, but also might explain the biological functions of LARP1. Importantly, the targets of the LARP1 La-Module correspond to the 5ʹ and 3ʹ ends of TOP mRNAs -TOP motifs and poly(A) tails ( Figure  5 ). The simultaneous binding of poly(A) tails and the TOP motif would imply that the La-Module brings the 5ʹ and 3ʹ ends of bound transcripts into close proximity.
While the mRNA circularization model [33, 34] has recently been reassessed [35] , other studies have provided evidence for its role in promoting oncogenic translation and tumorigenesis [36] . Indeed, overexpression of LARP1 in epithelial malignancies, such as cervical and ovarian cancers, is correlated with tumour progression and poor clinical outcome [37, 38] . Consistent with this, LARP1 increases the stability of several oncogenic transcripts [37, 38] and enhances protein synthesis [21, 29] . The translational repression of transcripts in P-bodies and stress granules is also associated with 5ʹ and 3ʹ UTR proximity. Thus, binding of the LARP1 La-Module to both ends of a single transcript may also explain its localization to P-bodies and stress granules [24, 39] (Figure 6A) , where RNAs are translationally repressed in condensed conformations [40] . This is consistent with the necessity of LARP1 for recruiting and anchoring TOP mRNAs to these granules [41] .
The role of the LARP1 La-Module in TOP mRNA recognition may also shed light on seemingly incongruous data regarding the function of LARP1 in TOP mRNA translation regulation. If the La-Module binds to both ends of TOP mRNAs, it might increase TOP mRNA translation ( Figure  6B ). However, upon the binding of the DM15 region to the 5ʹ cap, the translation initiation complex would be occluded, resulting in translation inhibition ( Figure 6B ). This idea perhaps explains the observations of LARP1 playing opposing stimulatory [21, 29] and repressive [23] [24] [25] roles in TOP translation regulation. Since our data do not directly address translation levels, it is also possible that the simultaneous interaction of the LARP1 La-Module stabilizes TOP transcripts.
Other La-Modules have been shown to play a role in stimulating translation and stabilizing transcripts. Cytoplasmic La regulates both cap-dependent [42, 43] and cap-independent [44] [45] [46] [47] translation in a transcriptdependent manner. Cytoplasmic La also binds binding to poly(A) tails of messenger RNAs and facilitates entry into polysomes [48] . LARPs 4 and 5 associate with PABP, RACK1, polysomes, and increase mRNA translation [18, 19] . The LARP6 La-Module recognizes a stem-loop motif within the 5ʹUTR of collagen I-and III-encoding mRNAs to promote their translation [15, 16] . Thus, there is precedent for proposing a stimulatory role for the LARP1 La-Module.
Herein we demonstrate that the LARP1 La-Module binds both poly(A) RNA and TOP motifs with comparable affinities. While we observed that the LARP1 La-Module can bind poly(A) and TOP motif RNA at the same time, we do not know the stoichiometry of the ternary complex: does the La-Module dimerize, with each protein molecule binding one RNA? Or does one protein bind both RNAs using different binding surfaces? In most LARPs, the LAM and RRM bind synergistically to RNAs without using their canonical RNAbinding surfaces [2, 3] . It might be possible that the canonical binding surface of the LAM or RRM can bind a second RNA; indeed, Genuine La has recently been shown to bind poly(A) RNA via the canonical binding surface of the LAM [48] . Thus, much remains to be uncovered about the atypical binding modes of LARPs. Nonetheless, dual RNA recognition by the LARP1 La-Module offers a tantalizing explanation for the mechanisms by which LARP1 regulates the translation and stability of TOP transcripts.
Materials and methods
Protein cloning, expression, and purification
The La-Module region of the LARP1 coding sequence (amino acids 310-540 from 1019-amino acid isoform LARP1a) (Integrated DNA Technologies) was PCR amplified and inserted into a pET28a vector (Novagen Inc) using NdeI and BamHI sites. The resulting construct expresses the La- Module with an N-terminal 6XHis tag followed by a Tobacco Etch Virus (TEV) protease cleavage site. The 6XHis-La-Module fusion protein was expressed in E. coli BL21(DE3) and cultured at 37°C for two hours, shifting to 17.5°C for 18 hours. Cells were harvested, frozen in liquid nitrogen, and stored at −80°C.
Cells were resuspended in lysis buffer [50 mM Tris-HCl, pH 8.0, 400 mM NaCl, 10 mM imidazole, 10% v/v glycerol, one cOmplete EDTA-free Protease Inhibitor™ tablet (Roche)]. Cells were lysed using homogenization and lysate was cleared via centrifugation. The 6XHis-La-Module was purified in batch using nickel agarose affinity chromatography (ThermoScientific) and eluted with 50 mM Tris-HCl, pH 8.0, 400 mM NaCl, 300 mM imidazole, 10% v/v glycerol. The 6XHis tag was removed by cleavage with 0.5 mg TEV per 10 mL eluate overnight at 4°C in dialysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 0.5 mM EDTA, 0.5 mM DTT). Nucleic acid and protein contaminants were removed using HiTrap Heparin followed by tandem HiTrap S and HiTrap QP (GE Healthcare Lifesciences) chromatography with an NaCl gradient (150 mM-1M), with La-Module eluting from the Heparin and Q columns. Fractions containing the La-Module were collected, concentrated, dialysed into storage buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 25% glycerol, 4 mM DTT), frozen in liquid nitrogen, and stored at −80°C. Samples for ITC were exchanged in 50 mM sodium phosphate pH 7.6 via 10K MWCO Centriprep concentrator and assessed for folding via circular dichroism spectroscopy (Supp. Fig. 2 ) prior to use.
RNAs
RNA oligonucleotides (Sigma-Aldrich) have the following sequences:
Poly RNA oligonucleotides were 5ʹ-end labelled with [γ-32 P]-ATP (Perkin Elmer) using T4-polynucleotide kinase (New England Biolabs) and gel purified. Capped RPS6 20-mer was prepared as previously described [25] . La-Module 5X stocks were prepared in dilution buffer (50 mM Tris-HCl pH, 7.5, 100 mM NaCl, 25% glycerol, 4 mM DTT). 10 μL binding reactions contained final concentrations of 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 7.5% v/v glycerol, 1mM DTT, 1 μM BSA (Thermo Fisher Scientific), ≤ 2 nM radiolabeled RNA, and either: 10 U/mL poly(dI-dC) (Sigma-Aldrich), 5 μM Yeast tRNA (Ambion) or 3 μM salmon sperm DNA (Thermo Fisher Scientific). La-Module was titrated at 0, 0.01, 0.03, 0.1, 0.3, 1, 3, 10 μM. Reactions were incubated on ice for 30 min then run on 7% polyacrylamide (29:1) native 0.5X TBE gels at 125 V for 45 min at 4°C. Exposed phosphor screens (GE Healthcare Lifesciences) were imaged on a Typhoon FLA plate reader (GE Healthcare Lifesciences) and quantitated using Imagequant TL (GE Healthcare Lifesciences). Dissociation constants were determined by plotting (KaleidaGraph) the fraction of shifted RNA versus the concentration of protein after band intensities were corrected for background (ImageQuant)TL.
Electrophoretic mobility shift competition assays
La-Module was pre-bound to radiolabeled RNA on ice in 8 μL reactions as described above. 2 μL 5X cold competitor RNA was titrated to yield final concentrations of 0, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5 1, 5, 10 μM. Competition reactions were incubated on ice for an additional 30 min prior to loading and run as described above. Gels were dried, exposed overnight, and analysed as described for EMSAs.
Biotin pull-downs
3ʹ Biotinylated RNA oligonucleotides (IDT) were pre-bound to streptavidin magnetic beads and 1 μM La-Module was pulled down as per kit instructions (Pierce # 20,164), with the exception that the La-Module was incubated in 1X binding buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 7.5% glycerol, 1 mM DTT) in the presence of 1 μM BSA and 10 U/mL poly(dI-dC) (Sigma-Aldrich) as non-specific competitors. Beads were washed twice with 1X binding buffer to remove excess La-Module prior to the addition of ≤ 25 nM 5ʹ radiolabelled RNA in 100 μL 1X binding buffer in the presence of non-specific competitors as described above. Reactions were incubated for an additional 30 min at 4°C, then washed with 100 μL 1X binding buffer to remove unbound radiolabeled RNA. Flow through and washes were ethanol precipitated and resuspended in 10 μL 47.5% formamide, 0.1% bromophenol blue. Beads were resuspended in 2X formamide to a final volume of 10 μL. All samples were loaded onto 10% polyacrylamide (29:1) 1X TBE 7M urea sequencing gels and run at 90 W for 45 min at room temperature. Gels were dried, exposed overnight, and analysed as described for EMSAs above.
Isothermal titration calorimetry
Purified La-Module was titrated with poly(A) or poly(C) RNA in a TA instruments nanoITC to confirm selectivity. Representative traces (Supp. Fig. 2 ) used 300 μM polyC RNA titrated into 110 μM La-Module or 200 μM polyA RNA into 85 μM La-Module with both titrant and titrand in 50 mM sodium phosphate, pH 7.6, at 25°C. Initial injection was 0.18 μL and subsequent 33 injections were 1.49 μL each into an active cell volume of 200 μL (overfilled to 300 μL). Stirring speed was 300 rpm with a 100 second injection interval and 1 second data collection interval.
Circular dichroism spectroscopy
La-Module folding was assessed in a JASCO J1500 circular dichroism spectrophotometer using 20 uM La-Module in 50 mM sodium phosphate, pH 7.6. Spectra were collected in a 0.5 mm cuvette from 280 to 180 nm at 25°C with 0.5 nm steps at a rate of 50 nm/min. Eight repetitions were averaged and smoothed with a 5 nm Savitzky-Golay filter [49] . Ellipticity was normalized to mean residue molar ellipticity (Supp. Fig. 2 ).
